The mechanisms by which exposure to arsenic induces its myriad pathological effects are undoubtedly complex, while individual susceptibility to their type and severity is likely to be strongly influenced by genetic factors. Human metabolism of arsenic into methylated derivatives, once presumed to result in detoxification, may actually produce species with significantly greater pathological potential. We introduce a transgenic Drosophila model of arsenic methylation, allowing its consequences to be studied in a higher eukaryote exhibiting conservation of many genes and pathways with those of human cells while providing an important opportunity to uncover mechanistic details via the sophisticated genetic analysis for which the system is particularly well suited. The gene for the human enzyme, arsenic (13 oxidation state) methyltransferase, was introduced into nonmethylating Drosophila under inducible control. Transgenic flies were characterized for enzyme inducibility, production of methylated arsenic species, and the dose-dependent consequences for chromosomal integrity and organismal longevity. Upon enzyme induction, transgenic flies processed arsenite into mono and dimethylated derivatives identical to those found in human urine. When induced flies were exposed to 9 ppm arsenite, chromosomal stability was clearly reduced, whereas at much higher doses, adult life span was significantly increased, a seemingly paradoxical pair of outcomes. Measurement of arsenic body burden in the presence or absence of methylation suggested that enhanced clearance of methylated species might explain this greater longevity under acutely toxic conditions. Our study clearly demonstrates both the hazards and the benefits of arsenic methylation in vivo and suggests a resolution based on evolutionary grounds.
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The consumption of inorganic arsenic (iAs) in the drinking water of tens of millions in Bangladesh has been characterized as ''the largest mass poisoning of a population in history'' (Smith et al., 2000) . Millions in other parts of the world are similarly at risk (Ng et al., 2003) . This is because persistent ingestion of iAs (typically in the range 200-800 ppb) can lead to development of a wide range of pathologies, among which disfiguring skin cancers and life-threatening internal organ cancers are particularly noteworthy (Tapio and Grosche, 2006) . Although the causative mechanism behind any one of these chronic toxicities is unknown, it has been suggested that iAslinked induction of reactive oxygen species is responsible for damage to DNA bases (Wang et al., 2001) , thereby leading to disruption of genetic information flow and/or key signaling cascade pathways (Kumagai and Sumi, 2007) . Several other nonmutually exclusive possibilities also exist, including arsenic-dependent protein modification (Kitchin and Wallace, 2008 ) that might disrupt essential pathways, such as DNA damage repair (Schwerdtle et al., 2003) or epigenetic modification (Reichard and Puga, 2010) , or affect expression of key genes regulating cell cycle progression, apoptosis, or stem cell maintenance and proliferation (Tokar et al., 2010) . More generally, pathway interference by arsenicals leads to cytotoxicity followed by regenerative hyperplasia in a rodent model (Cohen et al., 2007) , thus providing an alternative, nonoxidative damage-based explanation for its carcinogenic effects. The issue remains generally unresolved at this time.
There is renewed focus on such mechanistic questions because methylated arsenicals (MAs), rather than being merely metabolic detoxification products found in urine as monomethylated arsenicals (MMA) and dimethylated arsenicals (DMA), might be among the primary agents of chronic toxicity and/or carcinogenesis. In humans, a major pathway for arsenic metabolism involves the enzyme arsenic (þ3 oxidation state) methyltransferase (AS3MT), which is able to methylate the reduced (þ3 oxidation state) form of iAs to produce, in apparently sequential fashion, monomethylarsonous acid [MMA(III)] followed by dimethylarsinous acid [DMA(III)] (Lin et al., 2002) , both of which can be oxidized to form derivatives of the þ5 arsenic oxidation state [MMA(V) and DMA(V)] that are commonly found in urine of exposed individuals (Vahter, 2002) . Several studies have reported that some of these MAs [particularly the trivalent MMA(III) species] have significantly greater toxicity than iAs in a range of assays, ranging from in vitro studies of DNA damage, chromosomal damage, cell viability, and cell transformation (Bredfeldt et al., 2006; Kligerman et al., 2003; Mass et al., 2001; Petrick et al., 2000) to in vivo studies of overt toxicity in rodents (Petrick et al., 2001) . Furthermore, improved analyses have convincingly demonstrated the presence of such trivalent species in human urine (Le et al., 2000) . Based on this altered paradigm, the issue of relative susceptibility to chronic iAs toxicity takes on a central role because interindividual differences in capacity to metabolize iAs could be of great importance in the progression to disease. In keeping with this, epidemiological studies inferring genetic variability in the metabolic processing of arsenic is associated with differential outcome and response to arsenic exposure have recently appeared (Steinmaus et al., 2010; Valenzuela et al., 2009) .
This appreciation of the importance of genetic factors in the host response to iAs suggests that studying toxic mechanisms from a genetic perspective in an amenable model system would be very valuable. We have previously studied aspects of acute iAs toxicity using Drosophila where, by utilizing the natural genetic variation inherent in geographically dispersed populations (thus injecting no bias into the experiment), we identified the glutathione biosynthetic pathway as an essential component in the natural defense response to arsenic (Muñiz Ortiz et al., 2009) . From the point of view of experimental genetics, Drosophila has proven to be an extremely useful higher eukaryote. The high conservation of genes and pathways in growth, development, and cellular physiology with those in mammalian systems has led to its use as a disease model in numerous fields, particularly for neurodegenerative conditions and cancer (Lu and Vogel, 2009; Vidal and Cagan, 2006) . In the context of iAs metabolism, it was previously found that Drosophila neither methylates arsenite nor experiences genotoxicity upon exposure (Rizki et al., 2006) . However, feeding DMA(V) to larvae led to observable chromosomal damage, suggesting that Drosophila does respond to MAs in ways similar to those reported in human studies (Ghosh et al., 2007) . Because our basic local alignment search tool (BLAST) analysis suggested that Drosophila lacks an AS3MT homolog, introduction of the human gene (hAS3MT) into Drosophila would allow studies designed to mimic the chemical transformation of iAs in vivo, to be performed with the added attraction of studying the physiological responses in a system where sophisticated genetic analysis can be readily applied. We describe the initial characterization of such a transgenic model together with studies that suggest the benefits and disadvantages of iAs methylation in vivo reflect an adaptive evolutionary response. In the future, this transgenic model should allow us to more easily dissect the mechanisms behind the increased genotoxicity (and perhaps carcinogenicity) of MAs using the battery of genetic approaches for which Drosophila is particularly advantageous.
MATERIALS AND METHODS
Drosophila lines and manipulations. Lines were maintained on standard cornmeal medium at room temperature. When tested for iAs responsiveness in various assays, flies were cultured on Drosophila 4-24 Instant Medium (Carolina Biological, Burlington, NC), prepared by hydration with either deionized water or sodium m-arsenite (iAs III , 97%, lot no. 76H0240; SigmaAldrich, St Louis, MO) solution at the indicated concentration. Food preparation was carefully standardized to allow arsenic concentration in ppm to be calculated: for each 1 g of 4-24 medium, 5 ml of arsenite solution at a given concentration was added. The GAL4-expressing lines w 1118 ; da-GAL4 and y 1 w * ; Act5C-GAL4 were obtained from the Drosophila Stock Center at Indiana University (Bloomington, IN). The w; lats x1 /TM6B, Tb line was kindly provided by Dr Tian Xu (Xu et al., 1995) . We created the UAS-hAS3MT; lats x1 / TM3, Sb line following standard procedures using a variety of balancer lines.
Production of hAS3MT transgenic Drosophila. The hAS3MT sequence was isolated by PCR using Phusion Polymerase (NEB, Ipswich, MA) from a human kidney complementary DNA library kindly provided by Dr William Miller (University of Cincinnati) using the forward primer 5#-CACCATGG-CTGCACTTCGTGACGCTG and the reverse primer 5#-GCAGCTTTTCT-TTGTGCCACAGCAG. The underlined sequence in the forward primer allowed for unidirectional cloning into the pENTR/D-TOPO vector according to manufacturer's directions (Invitrogen, Carlsbad, CA), and identity to the standard wild-type hAS3MT gene (accession no. NM_020682) was verified by DNA sequencing (Genewiz, Inc., South Plainfield, NJ). To create suitable constructs for P-element-mediated transformation into flies, we used Drosophila-specific Gateway transformation vectors, obtained from the Drosophila Genomics Resource Center (Indiana University). The pTHW (1099) vector used consists of a GAL4-inducible UAS sequence driving expression of an N-terminal HA-tagged protein-encoding gene (in this case, hAS3MT), together with Pelement sequences allowing for genomic insertion of the vector, and a w þ marker to identify positive transformants by their red eye color (http://www. ciwemb.edu/labs/murphy/Gateway%20vectors.html). Cloning of the hAS3MT gene into pTHW followed standard Gateway recombination procedures (Invitrogen). All constructs were confirmed via restriction endonuclease analysis, and verified Gateway recombinants were provided to Rainbow Transgenic Flies, Inc. (Newbury Park, CA) for P-element transformation into Drosophila. Eclosing adults from injected w 1118 embryos were individually collected and crossed to w 1118 males or females for detection of transgenic progeny via production of red eye color, followed by standard crossing procedures to identify the chromosomal location of the UAS-hAS3MT insert.
Molecular characterization of transgenic lines. Analysis of hAS3MT messenger RNA (mRNA) transcription was performed by reverse transcriptase PCR (RT-PCR), basically as previously described (Muñiz Ortiz et al., 2009) . For hAS3MT protein analysis, three adult flies were sonicated in SDS gelloading buffer (200 ll), boiled for 5 min, and centrifuged at 15,800 3 g for 3 min. Homogenates (20 ll) were separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane following standard procedures. Immunoblotting was performed with an HA antibody (provided by Dr William Miller) at 1:1000 dilution, hAS3MT antibody (provided by Dr Richard Weinshilboum, Mayo Clinic, MN) at 1:1000 dilution, and with antiactin antibody as a loading control at 1:10,000 dilution. Horseradish peroxidase-conjugated anti-rabbit (HA and hAS3MT) or anti-mouse (actin) secondary antibody was used at a 1:1000 dilution and signal detected using SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL), followed by blue-sensitive x-ray film exposure.
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Arsenic speciation and quantification analysis. Arsenic speciation via ion-pairing reversed-phase liquid chromatography linked to an inductively coupled plasma mass spectrometer (ICPMS) was performed following methods previously described (Afton et al., 2008) with minimal adjustments. Similarly, quantification analysis of arsenic in whole adult flies was performed by standard ICPMS procedures. Both analyses were conducted at the University of Cincinnati/Agilent Technologies Metallomics Center of the Americas. A full description of the methodology is provided in the Supplementary data.
For speciation, embryos from relevant crosses were collected as described (Muñiz Ortiz et al., 2009 ) and allowed to develop in iAs III -free or 0.1mM iAs III -supplemented medium (6.25 ppm As). Sample preparation for analysis was adapted from a previous report (Rizki et al., 2006) . Briefly, 30 thirdinstar larvae were collected and homogenized in 2 ml homogenizing buffer (250mM sucrose, 1mM MgCl 2 , and 10mM Tris-HCl [pH 7.4]) using a glass homogenizer with Teflon pestle. Homogenates were centrifuged at 105,000 3 g for 90 min, transferred to a 1.5-ml microcentrifuge tube, and stored at À80°C until used in the analysis. For quantification analysis, flies were reared and adults subjected to 1mM iAs III -supplemented food (62.5 ppm As), as described below (adult longevity assay). After 4 days of continuous feeding, flies were transferred to vials containing only 0.1% glucose-infiltrated filter paper for a further 24 h in order to clear the digestive tract of extraneous iAs III -containing food prior to analysis. Data were subjected to paired t-test analysis, with significance level of a ¼ 0.05.
Developmental genotoxicity (loss of heterozygosity) assay. Flies of the genotypes w; UAS-hAS3MT; lats x1 /TM3, Sb (transgenic) or w; lats x1 /TM6B, Tb (nontransgenic control) were mated to flies of the w
1118
; da-GAL4 line and then females allowed to lay embryos on iAs III -free or 0.15mM iAs III -supplemented (9.4 ppm) medium. Eclosing (hatching) adults derived from development of these embryos were aged for 5 days, sorted into appropriate genotypes, and then observed under a stereomicroscope at 340 magnification and scored for detectable tissue overgrowth. We analyzed and compared the data by dividing the number of tumors observed by the number of progeny flies derived from each treatment and genotype. Note that for each individual cross, lats-containing progeny could be directly scored and compared with their non-lats siblings. Data were analyzed by Fisher's exact test or Pearson's chi-square test for large sample sizes and p values computed for critical significance level a ¼ 0.05.
Adult longevity assay. Flies were reared and appropriate crosses performed in bottles containing standard cornmeal-molasses fly medium. Between 100 and 200 F1 males per experiment were collected within 24 h of eclosion and transferred into vials (25 per vial) containing 1mM iAs IIIsupplemented (62.5 ppm) instant medium. Survivors were counted each day and transferred every 5 days into new vials containing fresh iAs IIIsupplemented medium until all flies had perished. At least two replicate experiments were performed at room temperature (21°C-23°C). Survival data were subjected to log-rank (Mantel-Cox) test for significance with a ¼ 0.05.
RESULTS

Transgenic Drosophila Lines Inducible for Human AS3MT
In designing an approach to produce Drosophila lines that could express the human AS3MT enzyme, we took advantage of the yeast GAL4-UAS transcriptional system that has been widely deployed in transgenic fly studies (Brand and Perrimon, 1993) . In this scheme, flies that express the yeast GAL4 transcriptional activator protein under control of any chosen promoter/enhancer combination (driver) are mated with a second (responder) line containing a gene of interest (in our case hAS3MT) under control of the GAL4-responsive UAS promoter sequence. The progeny will express the transgene according to wherever the GAL4 protein is expressed. It is thus possible to control expression of such transgenes according to whatever enhancer-driven program is selected in the GAL4 driver. We tested two selected lines, shown by PCR to be transgenic for hAS3MT (Fig. 1A) , for inducibility of hAS3MT mRNA by crossing each to either of two driver lines (da-GAL4 or Act5C-GAL4) that express the GAL4 protein in a fairly ubiquitous pattern. Both transgenic lines were strongly responsive to transcriptional induction by GAL4 (Fig. 1B) as monitored by RT-PCR. In addition, translation of the induced mRNA into an appropriately sized protein was detected via ) or a GAL4-expressing (da-GAL4 or Act5C-GAL4) background. Gapdh1 was used as a loading control. (C) Western analyses for the expression of the AS3MT enzyme. Actin was used as a loading control. Ab, antibody used; these were active against either the HA tag or the human AS3MT protein.
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Western blotting performed with both an anti-HA antibody (constructs were designed with an N-terminal HA fusion tag) as well as with a bona fide anti-human AS3MT antibody (Fig.  1C) . Of particular note is the lack of cross-reacting protein in uninduced (or nontransgenic) flies, confirming the GAL4-specific control imposed on the transgene.
Human AS3MT has Enzymatic Function in Drosophila
To determine if the expressed hAS3MT displayed arsenicmethylating enzymatic activity in flies, we collected 0.1mM iAs III -exposed third-instar larvae (6.25 ppm) derived from either of two independent matings of the 1099-2E transgenic line, i.e., to the non-GAL4-containing w 1118 line (uninduced control) or to the GAL4-expressing w 1118 ; da-GAL4 line. In addition, to eliminate the possibility that GAL4 expression by itself could lead to production of MAs, nontransgenic w 1118 flies were mated to the da-GAL4 line. Homogenates of the different larvae were analyzed for the presence of MAs using a high-performance liquid chromatography (HPLC)-linked inductively coupled mass spectrometry approach (Afton et al., 2008) . Using arsenic standards, separation of iAs III from iAs V , as well as the distinction of MMA and DMA species from their inorganic precursors, was readily accomplished (Fig. 2A) . With larval-derived samples, neither the presence of GAL4 alone (Fig. 2B) nor the uninduced hAS3MT transgene (Fig. 2C ) led to production of MAs. Importantly, only GAL4 induction of hAS3MT enzyme allowed high levels of DMA and somewhat lower levels of MMA species to be produced (Fig. 2D) . As expected, third-instar larvae from all such crosses not exposed to iAs III produced no trace of MAs (data not shown). It should be noted that the current methodology did not allow for determination of the þ3 or þ5 oxidation state of As in the MMA and DMA species, nor was the presence of trimethyl arsine oxide ascertained. These issues will be addressed in the future.
Synthesis of MAs In Vivo Promotes Chromosomal Instability
To determine if the induction of MAs in Drosophila had effects on chromosome structure and/or stability, we employed a loss of heterozygosity (LOH) assay that can be readily scored in flies exposed to iAs III and that have been induced (or not) for the expression of hAS3MT. For this purpose, we introduced a mutated copy of the third-chromosomal lats gene into the tested flies. The lats gene (also known as wts in Drosophila) encodes a serine/threonine kinase tumor suppressor (Justice et al., 1995; Xu et al., 1995) involved in the Hippo signaling pathway that controls organ size by regulating cell growth, proliferation, and apoptosis (Pan, 2007) . When the remaining wild-type copy of lats is mutated or, more likely, lost by mitotic recombination, chromosome breakage/deletion, etc., as a result of exposure to a genotoxin or clastogen, the ensuing LOH is readily observed as large, tumorigenic outgrowths of epithelial cell-based structures (derived from the larval imaginal disks) on the adult fly (Eeken et al., 2002; Xu et al., 1995) . We screened several hundred flies of various genotypes, either induced for hAS3MT or not and exposed to iAs III (or not). The data obtained (Fig. 3A) clearly show that significantly enhanced rates of LOH in lats heterozygotes (i.e., above the spontaneous background) were only seen when both the hAS3MT gene was induced and the flies were exposed to iAs III (9.4 ppm) during development. In other words, significant enhancement of chromosomal instability is specific to the situation where MAs are synthesized in vivo and is not seen when iAs III is encountered but cannot be metabolized. This strongly suggests that it is the MAs, and not iAs, that are the genotoxic (or clastogenic) species in vivo. Examples of tumor outgrowths in various parts of the body, derived from LOH of lats, are shown in Figure 3B .
The Life span of iAs III -Exposed Drosophila Is Extended by Human AS3MT Expression Because chromosomal instability as seen here was produced at nonlife-threatening concentrations of iAs III (though such instability would likely have long-term detrimental consequences, such as disease initiation and/or progression, e.g., cancer, in an equivalent vertebrate situation), we were interested to know if expression of the human AS3MT gene had any effect on a measure of ''acute'' arsenic toxicity, e.g., early death after To determine this, we tested the ability of freshly hatched adults of various genotypes to survive exposure to a much higher concentration (1mM) of iAs III -containing food (62.5 ppm As), after having completed their growth and developmental phases (larval and pupal stages) in the absence of iAs III . Most interestingly, flies that were induced to express the hAS3MT enzyme (hAS3MT; da-GAL4) lived for a significantly longer period (median lifetime) as compared with uninduced transgenic flies (hAS3MT) treated identically (Fig. 4A, upper) . In the particular experiment shown, the median lifetime was extended 17% as compared with uninduced hAS3MT flies. Replicate experiments on these two genotypes (Fig. 4A, lower, experiments 1 and 2) found the extension of life span to be extremely significant (p < 0.0001) in each case, whereas biological replicates conducted on the nontransgenic da-GAL4 strain (Fig. 4A, lower, experiment 3) showed no significant life span difference compared with the uninduced hAS3MT strain. Interestingly, no differences in developmental viability were found when these same three genotypes were exposed to a much lower concentration (0.1mM, 6.25 ppm) of iAs III in the food (Supplementary fig.  S1 ). Thus, the data strongly suggest that, under conditions of life-threatening, high-concentration arsenic exposure, the expression of the human AS3MT enzyme is actually beneficial for organismal viability.
Lower Arsenic Body Burden Correlates with Expression of Human AS3MT
We decided to examine the body burden of arsenic in these experiments to determine whether expression of hAS3MT (or lack thereof) might lead to differential arsenic accumulation, consistent with differential life span. Adult flies were fed as above (62.5 ppm) but after 4 days were transferred for a further 24 h to vials containing only 0.1% glucose. This allowed the digestive tract to be fully cleared of iAs III -containing food prior to subjection to whole-body elemental analysis. In six independent experiments, transgenic flies induced for hAS3MT expression showed a consistent and significant reduction in total body arsenic as compared with uninduced transgenics fed identically (Fig. 4B) . This strongly suggests that MAs produced in the induced flies were accumulating to a lower degree than iAs III in the uninduced flies, perhaps because of enhanced cellular export of the chemically transformed species.
DISCUSSION
The work described here introduces a new transgenic model in which to study the effects of iAs in vivo. Although it might be argued that the field of arsenic research has more than enough different experimental systems and approaches and that greater integration among existing systems is needed, we believe that the Drosophila model has some significant advantages for experimentation and more than enough homology to vertebrate cellular and molecular pathways to encourage its consideration when it comes to exploring iAs action in vivo. This is not to say that Drosophila is a perfect toxicological model because it is clear that xenobiotic metabolism, transport, and toxicokinetics are often likely to differ from that in vertebrates. However, this is an important consideration in mammalian models too and particularly so in the case of iAs toxicity where rodent models also suffer in some of these respects in comparison to the human situation. Our goal in exploiting this fly model is to aid in the elucidation of potential molecular mechanisms of iAs toxicity through
FIG. 4. Upon high-dose iAs
III administration, adult life span is increased and arsenic body burden is decreased by human AS3MT enzyme expression. Flies of the appropriate genotype were derived from identical crosses to those described in Figure 2 . (A) (Upper) Representative survival curve of adult hAS3MT transgenic flies exposed to 1mM iAs III -supplemented food (62.5 ppm) and either induced (hAS3MT; da-GAL4) or not induced (hAS3MT) for hAS3MT expression. (Lower) Chart of survival parameters derived from two independent experiments using these genotypes (experiment numbers 1 and 2), as well as two independent tests of the control, nontransgenic da-GAL4 strain (experiment no. 3). (B) Arsenic was quantified by ICPMS after 4 days continuous feeding as in (A) followed by 24 h on 0.1% glucose. Groups of 25 flies were frozen and tested for As content; the measurement was repeated on six independent samples for each genotype. *p (a ¼ 0.05) ¼ 0.002.
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MUÑ IZ ORTIZ ET AL. manipulating the genetic background (via the agency of the system's facile classical and ''reverse'' genetic manipulations) and observing the consequences on various phenotypic endpoints that resemble those seen in vertebrates; these can then be tested for relevance in suitable vertebrate-based assays. Because the methylation of iAs has become an important focus of recent investigations, particularly with respect to the outcomes of chronic exposure to iAs through drinking water, the lack of an equivalent methylation system in Drosophila, far from being a drawback, actually allows numerous genetic approaches aimed at exploring mechanistic features of iAs toxicity to be envisaged. We have explored this idea by creating transgenic Drosophila that express, under inducible control, a common allele of the human AS3MT gene and have shown that the two most common MAs species found in human urine, i.e., MMA and DMA, are now produced in induced flies. Neither species is detected when the corresponding uninduced transgenic flies are fed iAs, suggesting that there is tight regulation in the system and that unique biological effects uncovered in the induced transgenic flies will be specifically attributable to the presence of MAs.
With the system thus established and characterized and using two very different phenotypic endpoints, we have gone on to show that methylated metabolites of iAs can have strongly differential dose-dependent effects. Thus, methylation can ameliorate the overtly toxic life-threatening effects of highdose iAs III administration by extending life span, an effect presumably mediated by enhanced efflux of the synthesized MAs relative to iAs. Certainly, our demonstration of a lower As body burden in transgenic flies induced to methylate compared with those not induced is strongly consistent with this interpretation as being causative here. However, this same methylation of iAs significantly enhances its potential to act as a lower dose-based agent of chronic molecular damage (in this case chromosome instability), an outcome that undoubtedly contributes to pathological consequences for an organism chronically exposed to iAs over the long term. It is important to note that the doses we have used in these experiments (6-9 ppm As) are in precisely the same range as those employed in a recently reported ''whole-life'' exposure model of carcinogenesis developed in the mouse (Tokar et al., 2011) . Our combined observations therefore neatly integrate, in one model system, a good deal of older literature that proposed methylation of iAs was a detoxification pathway (Buchet et al., 1981; Crecelius, 1977) with newer data, which have suggested that the methylated species (in particular the þ3 oxidized form) are, albeit indirectly, more damaging to DNA (Mass et al., 2001) and (perhaps related to this) more active in causing cell transformation (Bredfeldt et al., 2006) and more highly associated with disease susceptibility in human populations (Steinmaus et al., 2010; Valenzuela et al., 2009) . It is important to emphasize that the magnitude of the phenotypic effects described in this report is only altered when the hAS3MT transgene is ''induced'' in the presence of food-borne arsenite, strongly consistent with the notion that it is the transformation of iAs to the methylated species that is solely responsible for the altered phenotypic outcomes, i.e., decreased chromosome stability under one set of dose conditions and increased life span under a different (significantly higher) set of dose conditions.
Based on the results reported here, as well as previous data on the role of MAs, we are drawn to the conclusion that such observations may best be viewed as representing two sides of a single evolutionary coin. It is reasonable to hypothesize that the various xenobiotic defense mechanisms in animals have evolved to protect the life and (most importantly from the evolutionary perspective) the reproductive capacity of the afflicted animal. Thus, it is well known that acutely toxic doses of iAs uncouple mitochondrial oxidative phosphorylation (Ter Welle and Slater, 1964) , which can rapidly lead to death. A metabolic processing system (like methylation) that leads to efficient cellular efflux of As in such a situation has the potential to preserve life and, most significantly, increase the chances of reproductive success, at least in the short term, and is therefore of distinct advantage when subjected to the forces of natural selection. There are numerous studies showing that ATP-binding cassette-type membrane transporters (e.g., multidrug resistance proteins [MRPs] ) play an important role in exporting As from cells (see Thomas, 2007) , and recent data are consistent with upregulation of MRP2 protein correlating with enhanced DMA transport from hepatocytes (Drobna et al., 2010) . In other studies, methylation-competent cells accumulated less arsenic than their nonmethylating counterparts (Dopp et al., 2010; Drobna et al., 2005) . Perhaps most important in this context are observations on an AS3MT knockout mouse, where loss of methylation ability leads to much slower clearance of As from tissues ) and consequently to an associated high accumulation of iAs (Hughes et al., 2010) leading to rapid systemic toxicity compared with the wild-type mouse (Yokohira et al., 2010) . Interestingly, these latter studies were conducted using arsenic concentrations in the range 50-150 ppm, very similar to that (62.5 ppm) at which we tested hAS3MT-expressing and nonexpressing Drosophila for relative viability. Thus, we see strong parallels between this work and our own studies. The fact that the same MAs species produced by normal metabolism can be detrimental to cellular macromolecules (as shown here and by others previously) will likely have no shortterm consequences in terms of pathology or impaired reproductive capacity. Of course, over the long term, such exposure to MAs (as will occur subsequent to ingestion of iAscontaminated drinking water) will cause a slow accumulation of macromolecular damage that will ultimately lead to pathological outcomes. However, such a chronically exposed animal is expected to be well beyond its prime reproductive age by the time this happens, and so the metabolic capacity to produce MAs species is most unlikely to be eliminated through the agency of natural selection. Given these considerations, it TRANSGENIC MODEL OF ARSENIC METHYLATION 309 makes sense that relatively long-lived animals (such as mammals) have evolved (and retained) a system for methylating iAs that is almost certainly linked to facilitated export. Although some mammals (e.g., certain nonhuman primates) do not exhibit significant iAs methylation (due to a mutation in the relevant AS3MT gene), we are not aware of studies on such animals that test their susceptibility to pathological outcomes after long-term exposure to iAs-contaminated drinking water, such as is encountered by many human populations. Such studies are certainly approachable with the knockout mouse. In our own model, an obviously much shorter lived animal, we will pursue such questions by developing appropriate doserelated phenotypic signatures at the cellular, subcellular, and molecular levels that are related to the presence or absence of MAs and that can be translated into an appropriate mammalian context.
The model of iAs methylation in Drosophila developed here, in addition to revealing possible advantages and disadvantages of this metabolic process, should facilitate the pursuit of more mechanistic questions related to chronic iAs toxicity. Thus, there has been much interest in the role that polymorphic variants of the human AS3MT enzyme (in particular the Met287Thr variant) may play in individual susceptibility to the effects of long-term As ingestion (Hernandez et al., 2008; Lindberg et al., 2007; Valenzuela et al., 2009) . We have recently created transgenic fly lines expressing this particular variant under inducible control and plan to pursue a range of experiments under different dose regimes to determine if the Met287Thr variant can differentially affect phenotypic outcomes as compared with the ''normal'' human allele. Moreover, the GAL4-UAS inducible system we have built into our model offers many opportunities to vary the timing, the tissue specificity, and the degree of hAS3MT expression, all of which could be particularly informative in terms of differential toxic effects. Most importantly, we plan to exploit some of the highly refined genetic approaches available in Drosophila (e.g., transcriptome-wide RNAi) that, in combination with our transgenic model, should lend significant insight into the molecular pathways intersected by iAs and MAs in eliciting their highly dose-dependent range of differential phenotypic effects.
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